Abstract. 5(S),6(R)-7-trihydroxymethyl heptanoate (BML-111) is an lipoxin A4 receptor agonist, which modulates the immune response and attenuates hemorrhagic shock-induced acute lung injury. However, the role of BML-111 in sepsis and in the intestinal mucosal barrier are not well understood. Therefore, the present study was designed to investigate the effect of BML-111 on the intestinal mucosal barrier in a rat model of sepsis. Furthermore, the molecular mechanism of action of BML-111 was evaluated. The cecal ligation and puncture-induced rat model of sepsis was constructed, and BML-111 was administered at three different doses. The results revealed that BML-111 suppressed the elevation of the pro-inflammatory cytokines tumor necrosis factor-α and interleukin-6, while enhancing the elevation of the anti-inflammatory cytokine transforming growth factor-β in the intestine. In addition, BML-111 significantly upregulated rat defensin-5 mRNA expression levels and downregulated the induction of cell apoptosis as well as caspase-3 activity in the intestine. All these results demonstrated that BML-111 exerted protective effects on the intestinal mucosal barrier in sepsis. Further, it was indicated that alterations in the expression of toll-like receptor (TLR)2 and TLR4 may be one of the molecular mechanisms underlying the protective effect of BML-111. The present study therefore suggested that BML-111 may be a novel therapeutic agent for sepsis.
Introduction
Sepsis is the leading cause of mortality in intensive care units; it affects millions of people worldwide and over one in four patients with sepsis succumbs to it (1, 2) .
The intestinal tract is the largest bacterial storage pool in the body; it contains endogenous and exogenous microorganisms, which are susceptive to ischemia-reperfusion injuries due to sepsis (3) . The mucosal epithelium forms an intestinal mucosal barrier between the body and the environment of the lumen, and the intestinal mucosal barrier has an important role in the defense against microbial pathogens. However, adverse conditions may lead to intestinal mucosal barrier dysfunction, allowing the normal intestinal microbiota to cross this mucosal barrier into the body and to infect other organs (4) (5) (6) , which may promote multiple organ dysfunction and failure (7, 8) .
5(S),6(R)-7-trihydroxymethyl heptanoate (BML-111), a lipoxin (LX)A4 receptor agonist, is a synthetic analogue of LXA4. BML-111 has a higher biological stability than LXA4 and exhibits greater anti-inflammatory activity than native LXA4 (9, 10) . Several studies have shown that BML-111 modulates the immune response and reduces the severity of arthritis (11) and acute pancreatitis (12) . In addition, BML-111 attenuates hemorrhagic shock-induced acute lung injury (13, 14) and exerts protective effects against acetaminophen-induced acute liver injury (15) . However, the effect of BML-111 in sepsis and on the intestinal mucosal barrier has remained to be fully elucidated. Therefore, the present study was designed to investigate the effect of BML-111 on the intestinal mucosal barrier in a rat modelof sepsis. Furthermore, the molecular mechanism of action of BML-111 was investigated.
Materials and methods
Sepsis model. The present study was approved by the Institutional Animal Care and Use Committee of Central South University (Changsha, China) and performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (publication no. 86-23, revised 1986). 150 male Sprague-Dawley (SD) rats weighing 250-300 g were provided by the Experimental Animal Center of The Third Xiangya Hospital of the Central South University (Changsha, China). The SD rats were randomly divided into three groups: Sham group (n=30), sepsis group (n=30) and treatment group (n=90). The treatment group was sub-divided into groups of 0.5, 1 and 2 mg/kg according to the treatment dose of BML-111. Sepsis was induced by cecal ligation and puncture (CLP) as described previously (16, 17) . Briefly, under anes thesia using intraperitoneal injection of sodium pentobarbital (45 mg/kg; Merck, Darmstadt, Germany), a midline abdominal incision was performed. The cecum was exteriorized and ligated below the ileocecal valve. Then the cecum was punctured twice at various sites with an 18-gauge needle and gently compressed until a small amount of stool was extruded. The cecum was replaced in the abdomen, and the abdominal incision was closed in layers. Rats in the sham group underwent the same procedure without the CLP. After surgery, the rats were injected subcutaneously with saline (5 ml/100 g body weight/day) (16) . A 5-cm segment of the ileum was excised at 6, 12, 24 and 48 h following CLP and stored at -80˚C or fixed in 10% parafor maldehyde (Xinchenghuagong, Inc., Guangzhou, China).
BML-111 administration. BML-111 was obtained from Calbiochem (San Diego, CA, USA) and dissolved in sterile saline. Rats received intraperitoneal injections of BML-111 or an equivalent volume of saline at 12 and 1 h prior to CLP surgery.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Primers for rat defensin (RD)-5 and β-actin were obtained from Sangon Biotech Company (Shanghai, China) with sequences as follows: RD-5 forward, 5'-ATCGGTGGCCTCAGAACTC-3' and reverse, 5'-TCG CAG CCAT TGA AGA A AT T-3'; a nd β -a ct i n forward, 5'-AGCCATGTACGTAGCCATCC-3' and reverse, 5'-CTCTCAGCTGTGGTGGTAA-3'. Total RNA was extracted using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). Subsequently, cDNA from the total RNA was synthesized by using the RevertAid™ First Strand cDNA Synthesis kit (Fermentas, Vilnius, Lithuania). The quantitative PCR reactions were performed using a SYBR Green PCR kit (Applied Biosystems, Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) in an ABIPRISM7900 system (Applied Biosystems). Briefly, for the qPCR, 2 µl cDNA, 300 nM primers and SYBR Green (Applied Biosystems) were mixed to obtain a final volume of 20 µl. The reaction conditions were as follows: 40 cycles at 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 30 sec. Amplification of the expected single products was confirmed by dynamic melting curves and by electrophoresis on 2% agarose gels (Amresco, Solon, OH, USA). Fluorescence data were automatically collected and analyzed by SDS software (version 2.2; Applied Biosystems) using Ct values and the relative quantification of gene products was normalized against the housekeeping gene β actin.
Cytokine measurement. Transforming growth factor beta 1 (TGF-β1), interleukin (IL)-6 and tumour necrosis factor-α (TNF-α) ELISA kits were purchased from eBioscience (San Diego, CA, USA). The levels of TNF-α, TGF-β1 and IL-6 in the intestine were measured using these commercially available ELISA kits following the manufacturer's instructions.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).
The TUNEL assay was performed to determine the number of apoptotic cells in the intestine. Tissues were fixed in 10% paraformaldehyde for 24 h and embedded in paraffin.
Then the paraffin-embedded tissue was cut into 5-µm sections and placed on glass slides. TUNEL staining was performed using a TUNEL Apoptosis Assay kit (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's instructions. The apoptotic cells displayed brown staining within the nucleus. The number of apoptotic cells were counted throughout five lesion regions at random under an optical microscope (Olympus CX31; Olympus, Tokyo, Japan).
Western blot analysis. Tissue samples were homogenized with a Dounce glass homogenizer (Thomas Scientific, Swedesboro, NJ, USA) using radioimmunoprecipitation lysis buffer (50 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40, 1 mmol/l sodium orthovanadate, 1 mmol/l EDTA and 100 mg/ml phenylmethanesulfonylfluoride). Lysates were centrifuged at 4˚C for 15 min at 10,000 xg, and the supernatants were collected. Protein samples were separated using 10% SDS-PAGE. After electrophoresis, the proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and blocked with 5% nonfat milk powder. The membranes were incubated with antibodies to toll-like receptor (TLR)2 (rabbit polyclonal; cat. no. SC-10739; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; 1:400), TLR4 (rabbit polyclonal; cat. no. SC-30002; Santa Cruz Biotechnology, Inc.; 1:400) and β actin (rabbit polyclonal; cat. no. SC-130657; Santa Cruz Biotechnology, Inc.) at 4˚C overnight, followed by incubation with the secondary antibody (goat anti rabbit IgG; cat. no. BV-S8008; Biovol Biotech, Shanghai, China) at 37˚C for 1 h. The signals was detected using an enhanced chemilluminescence western blotting substrate kit (Pierce, Rockford, IL, USA).
Caspase-3 activity assay. The caspase-3 activity in the intestine was measured using a caspase-3 colorimetric assay kit purchased from Beyotime Institute of Biotechnology. All procedures were performed according to the manufacturer's instructions.
Statistical analysis. All values are expressed as the mean ± standard deviation and are representative of at least three independent experiments. Statistical significance was evaluated by Student's t test for comparisons between two groups using SPSS 19.0 statistical software (IBM corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference between values.
Results

Effect of BML-111 on cytokine expression in the intestine
following CLP-induced sepsis. Compared with the sham group, the expression levels of the cytokines TNF-α, IL-6 and TGF-β1 in the intestine were significantly elevated in the sepsis group at each time-point following CLP (P<0.01) (Fig. 1) . IL-6 was significantly decreased in rats treated with BML-111 at 1 and 2 mg/kg compared with the rats in the sepsis group (P<0.01). Septic rats treated with 0.5 mg/kg BML-111 showed significantly decreased IL-6 levels at 12 and 48 h (P<0.05), but not at 6 h (P>0.05), compared with those in the septic rats without treatment (Fig. 1A ). 1 and 2 mg/kg BML-111 attenuated CLP-induced TNF-α elevation in the intestine; however, 0.5 mg/kg BML-111 did not show any effects to CLP-induced TNF-α elevation at each time-point following CLP (P>0.05) (Fig. 1B) . Compared with the sepsis group, 2 mg/kg BML-111 increased TGF-β1 levels from 6 to 48 h (P<0.05); however, neither 0.5 nor 1 mg/kg BML-111 significantly influenced TGF-β1 levels at each time-point following CLP (P>0.05) (Fig. 1C) .
Effect of BML-111 on RD-5 mRNA expression in the intestine following CLP-induced sepsis. RT-qPCR revealed that the relative mRNA levels of RD-5 in the intestine were significantly decreased at 6-48 h following CLP in all groups except the sham group (P<0.01). 1 and 2 mg/kg BML-111 significantly elevated RD-5 mRNA at each time-point following CLP. A slight but not significant increase in RD-5 mRNA was observed in septic rats treated with 0.5 mg/kg BML-111 (P>0.05) (Fig. 2) .
Effect of BML-111 on cell apoptosis and caspase-3 activity in the intestine following CLP-induced sepsis.
The TUNEL assay revealed that CLP increased the apoptotic rate of cells in the intestine, with the most prominent increase found at 48 h following CLP (P<0.01). 2 mg/kg BML-111 significantly decreased CLP-induced apoptosis from 6 to 48 h (P<0.05). 1 mg/kg BML-111 significantly decreased CLP-induced apoptosis at 24 and 48 h (P<0.05), but not at 6 and 12 h (P>0.05). However, apoptotic rates in the intestine of septic rats were not significantly altered following treatment with 0.5 mg/kg BML-111 (P>0.05) (Fig. 3A and B) .
Compared with the sham group, caspase-3 activity in the intestine was also increased at each time-point following CLP (P<0.01). 1 and 2 mg/kg BML-111 significantly upregulated caspase-3 activity at each time-point following CLP. However, compared with the septic rats, no significant alteration of caspase-3 activity was observed in septic rats treated with 0.5 mg/kg BML-111 (P>0.05) (Fig. 3C) .
Effect of BML-111 on TLR2 and TLR4 expression in the intestine following CLP-induced sepsis.
Western blot analysis was used to examine the alteration of TLR2 and TLR4 expression in the intestine. The expression levels of TLR2 and TLR4 protein were significantly increased following CLP, while 1 and 2 mg/kg BML-111 significantly decreased the expression of TLR2 and TLR4 compared with that in the sepsis group. 0.5 mg/kg BML-111 also decreased the expression levels of TLR4 protein; however, 0.5 mg/kg BML-111 did not affect TLR2 expression (Fig. 4, and Table I ).
Discussion
In the present study, BML-111 was administered at three different doses in a rat model of sepsis and the results revealed that BML-111 exerted its effect in a dose-dependent manner. High doses of BML-111 showed beneficial effects on the intestinal mucosal barrier at each time-point following CLP, while the effect of low and medium doses of BML-111 on the intestinal mucosal barrier depended on the time following CLP.
Cytokines are important pleiotropic regulators of the immune response, which have a crucial role in the pathogenesis of sepsis. TNF-α and IL-6 are proinflammatory cytokines, and the elevation of TNF-α and IL-6 was suggested to be correlated with poor outcome in patients with severe sepsis and septic shock (18) . TGF-β is an anti-inflammatory cytokine. Compared to healthy controls, patients with sepsis were shown to have elevated levels of TGF-β (19) . Consistent with these previous studies, the results of the present study indicated that the pro-inflammatory cytokines and the anti-inflammatory cytokine were increased in the intestine following CLP-induced sepsis. BML-111 showed different effects to pro-inflammatory and anti-inflammatory cytokines, as it suppressed the elevation of the pro-inflammatory cytokines TNF-α and IL-6, while it enhanced the elevation of anti-inflammatory cytokine TGF-β in the intestine. It was previously reported that IL-6 and TNF-α had adverse effects on intestinal mucosa (20) (21) (22) . Treatment with TGF-β was shown to improve survival of patients with septic shock (23) and contribute to the protection of the intestinal barrier (24) . Therefore, the results of the present study indicated that BML-111 may exert beneficial and protective effects on the intestinal mucosal barrier. RD-5 is a native immune substance, which belongs to the rat α-defensin gene family. RD-5 expression is restricted to the small intestine and in situ hybridization experiments indicated that it is specifically localized to the Paneth cells in the intestinal crypt (24) . RD-5 has a key role in intestinal mucosal barrier function (25, 26) . It was implicated that RD-5 reduction results in an increase in the number of bacteria existing in the enteric cavity (27) . In the present study, RD-5 mRNA was reduced following CLP-induced sepsis; however, 1 and 2 mg/kg BML-111 significantly upregulated RD-5 mRNA expression levels in rats with sepsis. These results demonstrated that BML-111 exerted protective effects on the intestinal mucosal barrier function.
The mucosal epithelium is renewed every 3 to 5 days and homeostasis is maintained by balancing intestinal proliferation with cell apoptosis (28) . Several studies have shown that in sepsis, intestinal proliferation and apoptosis are markedly perturbed (29, 30) . Caspase-3 is activated by various apoptosis-stimulating factors and is then able to induce apoptosis via acting on other members of the caspase family (31) . A TUNEL assay and caspase-3 activity assay were used in the present study to evaluate intestinal mucosal apoptosis. Sepsis increased the apoptotic rate and caspase-3 activity in the intestine; however, BML-111 was able to downregulate the induction of the apoptotic rate and caspase-3 activity of septic rats to exert its protective effect.
Furthermore, the present study examined the molecular mechanism of action of BML-111. TLRs have central roles in the mammalian innate immune system, as they control multiple dendritic cell functions and detect microbial pathogens (32) . Activation of TLR signaling leads to induction of multiple steps in the inflammatory reactions, contributing to the elimination of invading pathogens and initiation of anti-microbial host defense response (33) . TLR2 and TLR4 are important members of the TLR signaling pathway and recognize a large number of microbial member components (34) . TLR2 and TLR4 signaling is achieved by recruiting members of the myeloid differentiation factor 88 (MyD88) pathway through MyD88 adapter-like/toll-interleukin 1 receptor domain containing adaptor protein, leading to the acti vation of nuclear factor-κB, mitogen-activated protein kinase and interferon, which are important for inflammatory cytokine expression. In the present study, the expression of TLR2 and TLR4 was examined in the intestine. The expression of TLR2 and TLR4 was decreased in the BML-111 group compared with that in the sepsis group. These results indicated that TLR2 and TLR4 alteration may be one of the molecular mechanisms underlying the protective effect of BML-111.
In conclusion, in a rat model of sepsis, BML-111 suppressed the elevation of the pro-inflammatory cytokines TNF-α and IL-6, while it enhanced the elevation of anti-inflammatory cytokine TGF-β in the intestine. In addition, BML-111 significantly upregulated RD-5 mRNA expression levels and downregulated the induction of the cell apoptosis rate and caspase-3 activity in the intestine. All these results demonstrated that BML-111 exerts protective effects on the intestinal mucosal barrier in sepsis. The underlying molecular mechanisms of this protective role may in part be attributable to its suppression of TLR2 and TLR4 by BML-111. The present study suggested that BML-111 may be a novel therapeutic agent for sepsis.
